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Abstract
In this letter, we construct a model based on a flipped SU(5) partial grand unified theory, within
the framework of the Randall-Sundrum (RS1) proposal. Breaking of S˜U(5) is achieved using a
bulk scalar field in the 10 of SU(5), Φ, which gains a vacuum expectation value 〈Φ〉 ∼ 3 × 1015
GeV. We are able to retain the successes of the S˜U(5) phenomenology, namely the elimination of
the doublet-triplet splitting problem and the confinement of all fields to the smallest (1, 5, and
10) representations of SU(5). We derive the beta functions, and point out some constraints on
bulk matter content implied by the runnings (and positivity) of the five dimensional coupling.
Finally, we comment on baryon decay and show the fine-tuning problem required to prevent an
exponentially short proton lifetime.
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1. INTRODUCTION
The Randall-Sundrum (RS1) proposal [1] represents a beautiful geometrical solution to
the hierarchy problem of particle physics. Specifically, by embedding a four dimensional
Minkowski space in a higher dimensional anti-de Sitter (AdS) bulk, one is able to suppress
the weak scale by a factor of e−kpirc, with k and rc the warp factor and compactification
radius, respectively. The normal argument goes like this: the bulk metric is given by
ds2 = e−2kzηµνdx
µdxν + dz2, (1.1)
where the fifth dimension (z) is an orbifolded circle (S1/Z2). If the spectrum contains a
bulk scalar, H , its action looks like this:
S ⊃
∫
d4x
∫ pirc
0
dz
√−G (GMN∂MH†∂NH +m2H†H) , (1.2)
2
where GMN is the full 5-dimensional metric and is given by
GMN = e
−2kzdiag(−1,+1,+1,+1, e2kz) , (1.3a)
GMN = e2kzdiag(−1,+1,+1,+1, e−2kz). (1.3b)
If our universe exists in the IR limit of (1.2), then we evaluate the action on the IR brane,
namely where z = πrc, and find
Seff ∼
∫
d4x
(
e−2kpirc∂µH†∂µH + e
−4kpircm2H†H
)
. (1.4)
Redefining the scalar field H → e−kpircH we see
Seff ∼
∫
d4x
(
∂µH†∂µH + e
−2kpircm2H†H
)
. (1.5)
The mass (which is on the order of the Plank mass, as we expect from dimensional analysis) is
now weighted by the warp factor on the IR brane where we would observe it, m→ me−kpirc ,
and can be tuned to give phenomenologically acceptable values. The stabilization of the
brane separation has already been addressed in [2], so that the choice of
kπrc = log
[
MUV
MIR
]
∼ 11π (1.6)
is well-motivated.
1.1. Adding Matter and Forces
One can add spin 1
2
fermions [3] and spin 1 bosons [4, 5] to the spectrum in much the
same way. Upon doing so, we find that the spin 1 bosons have flat wavefunctions in the fifth
dimension. A spin 1
2
fermion whose wavefunction is symmetric about the S1/Z2 orbifold
symmetry has the general form:
Ψ5 ∼ e( 12−c)kzψ4. (1.7)
Here, Ψ5 (ψ4) is the five- (four-) dimensional wavefunction. The c−values (c ∈ [0, 1]) dictate
about which brane the wavefunction is localized, and thus the observed mass in the low
energy effective field theory.a By picking numbers of O(1
2
), one is able to generate mass
hierarchies which are put into the Standard Model (SM) by hand.
a The boundary mass terms in the 5-d action are defined as m = ck.
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1.2. SU(5) Unification
It is well known that the SM matter fits into the 1, the 5 (χ) and a 10 (ψ) reps of SU(5)
[6].
χ¯ =

d¯1
d¯2
d¯3
e
νe

L
ψ =

0 u¯3 −u¯2 −u1 −d1
−u¯3 0 u¯1 −u2 −d2
u¯2 −u¯1 0 −u3 −d3
u1 u2 u3 0 −e¯
d1 d2 d3 e¯ 0

L
ν¯e = 1 (1.8)
Traditionally, the breaking of SU (5) is achieved when some scalar field takes on a vev. In
the simplest example, a scalar Σ, transforming in the 24 (adjoint) of SU (5), takes on a vev
of the form
〈Σ〉 = v

−2
3
0 0 0 0
0 −2
3
0 0 0
0 0 −2
3
0 0
0 0 0 1 0
0 0 0 0 1

, (1.9)
by minimizing an assumed potential [7]. This form of the vev for the scalar Σ is justified
ex post facto—it leaves the gluons, the W ’s and the B all massless and preserves the SM
at energies << MGUT , while giving the other 12 generators of SU (5) (the X ’s and Y ’s)
masses ∼ 25
9
v2. Finally, a higgs in the fundamental (5) representation achieves electroweak
symmetry breaking, giving the W± and the Z0 bosons mass ∼ 100 GeV, fourteen orders of
magnitude smaller than the masses of the X and Y bosons.
1.3. RS GUTS and Breaking SU(5) with Boundary Conditions
The question of unification in RS1 models has been addressed in several places, and in
several different incarnations. The first examples of unification in RS1 were based on SU (5)
GUTs [8]. Supersymmetric SU (5) unification has been investigated [9] and more recently,
some detailed investigations of SO (10) GUTs were preformed [10]. Generally, the breaking
of the GUT symmetry down to the SM has been achieved by assigning different boundary
conditions to the fields appearing in the representation.
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In typical RS1 GUT constructions, fermion fields are allowed to live in the bulk. One
typically replaces the S1/Z2 orbifold with an S1/(Z2×Z ′2) orbifold. The fields are assigned
von Neumann (+) or Dirichlet (–) boundary conditions about the branes at the ends of
the AdS space.b These boundary conditions are specified in doublets, with the first entry
corresponding to the UV brane, and the second corresponding to the IR brane. Physical
(massless) modes have (+ +) boundary conditions. Other sets of boundary conditions lead
to Planck scale massive fields, which do not contribute to the low energy phenomenology.
Also, the individual fields in each representation are allowed to take on different boundary
conditions.
Breaking the GUT symmetry with boundary conditions requires that one add copies of
representations to the spectrum, and the quarks and leptons (from the same generation)
in the SM come from different copies of identical representations of the underlying GUT
symmetry group. For example, one of the models in [8] has
51 = L
++
1 + d
+−
1 , (1.10a)
52 = L
+−
1 + d
++
1 . (1.10b)
The SM states have (+ +) boundary conditions while the other fields have (+ –) boundary
conditions. While all of these models elegantly incorporate the features of the RS1 proposal,
they all suffer from this seemingly universal problem of representation proliferation. For
example, the SO (10) model in ref. [10] required 6 copies of each 16 for each generation!
This proliferation of representations does solve some problems. Experimentalists have
given us strict bounds on the proton’s lifetime, τp > 6.7× 1033 years [11], and one must be
wary of higher dimensional operators in the effective field theory that violate these bounds.
For example, in 5-d one could write the following operator down (from 5×5×10×10 ⊃ 1):∫
d4xdz
√−GΨ5Ψ5Ψ10Ψ10
M35
. (1.11)
We can evaluate this integral on the IR brane, using (1.7),
epikrc(4−c1−c2−c3−c4)
∫
d4x
ψ5ψ5ψ10ψ10
M2P l
. (1.12)
The c−values are less than 1, making the coupling constant in the effective field theory
exponentially large, and proton lifetime exponentially short. By requiring quarks and leptons
b Equivalently, we could say “...parities under the S1/(Z2 ×Z ′2) orbifold...” [8].
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to come from different representations, there exist no physical (i.e. on the IR brane) quark-
lepton mixing, as is typical of traditional GUTs. It seems that there are no conventional
baryon decay modes in this type of model, so the prediction is that experiments like Super-
Kamiokande [11] will never see p→ leptons + mesons. If it did, then one would either have
to find some other way to suppress these processes, or accept the exponentially tuned Yukawa
couplings required by terms like (1.12), and abandon the RS1 paradigm of no fine-tunings.
Finally, it should be noted that there have been investigations into breaking the GUT by
turning on the vev of a bulk scalar field [8, 12].
1.4. A Review of Flipped SU(5)
Flipped SU(5) (or S˜U(5)) [13, 14] unification has been studied extensively in the context
of string model building [15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32,
33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 43, 44].c The fermions still fit into the 1, 5 and 10
reps of SU (5). The only difference is that the anti-neutrino and the electron, and the up-
and down-type quarks exchange places in their respective reps. So, we have
χ =

u¯1
u¯2
u¯3
νe
e

L
, ψ =

0 d3 −d2 −d1 −u1
−d3 0 d1 −d2 −u2
d2 −d1 0 −d3 −u3
d1 d2 d3 0 −νe
u1 u2 u3 νe 0

L
, e¯ = 1 (1.13)
Two things are important here: First, it is immediately obvious that the (electric) charges
of the fields in the reps (cf the 5) do not trace to zero. This means that we must add
another generator (proportional to the identity) to ensure freedom from anomalies. The
actual gauge group of this model is
SU(5)× U(1)Y˜ (1.14)
Second, because there is now a (color and electric) neutral member in the 10, we may
use this non-adjoint rep for higgsing the GUT. Historically, this represents the first time
c The first realistic examples of the string derived standard model [45] also came from SO(10) embeddings
of S˜U(5), obtained from the free fermionic heterotic string [46, 47, 48, 49].
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a representation with a dimension less than that of the adjoint was used for symmetry
breaking in a grand unified theory. Other than these two minor differences, much of the
phenomenology, as well as many of the predictions of traditional SU (5) GUTs, are preserved
in S˜U(5).
Because we will need the covariant derivative for calculating the β functions of our model,d
we list it here for the 10:
DµΦ = ∂µΦ− ig
{
Aaµ
λa
2
Φ + ΦAaµ
λTa
2
}
− ig˜Y˜ B˜µΦ. (1.15)
The λa’s are the 24 generators of SU(5), and the Aaµ’s are the corresponding gauge bosons.
The extra U(1)Y˜ ’s gauge boson is denoted by B˜µ. As a quick aside—the higgsing of S˜U(5) to
the SM can be worked out using this form of the covariant derivative, and the form of the
higgs vev:
〈Σ〉 =

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 v
0 0 0 −v 0

. (1.16)
SUSY S˜U(5) unification in extra dimensions has been studied in [50] and [51], but this
analysis was in the presence of a flat extra dimension, on an orbifolded circle (S1/Z2×Z ′2).
The main difference between these two approaches is the form of the Kaluza-Klein modes
and their contributions to the β funcions (see [52] and [53] for more details)—in the RS1
proposal the masses of the KK modes are solutions to combinations of Bessel functions,
whereas in the flat case
m2n = m
2 +
n2
R2
, (1.17)
for n = 0, 1, 2, .... Generally, one would like to unify the S˜U(5) theory in some higher
dimensional GUT, like SO (10). Here we will only work at the partial GUT level, and leave
the problem of SO (10) embedding in the RS1 context to a future study.
d It is quite difficult to find the proper form of this in the literature, so we have also listed it here for
posterity’s sake!
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2. THE MODEL
The approach we take in this study is one of minimalism. We choose the phenomenolog-
ically well-motivated S˜U(5) partial GUT as a starting point, and achieve breaking with a
higgs field Φ in the 10. In Section 2.1 we analyze the spectrum of our model. In Section 2.2
we compute the beta function of our model, using the results of [12, 52, 53, 54]. We show
that the beta functions imply some constraints on the bulk matter content of RS1 GUTs in
general (whether the breaking be due to boundary conditions or a GUT scalar), which we
comment on in Section 2.3—to our knowledge, these constraints have not been pointed out
in the literature. Finally, we show that (as expected) the proton is much too short-lived for
this model to be realistic, in Section 2.4.
2.1. The Spectrum
In our model, we consider a S˜U(5) partial GUT living in the background of Equation
(1.1). The breaking of S˜U(5) is accomplished with a bulk scalar field, called Φ, that takes
on a vev at some intermediate scale M∗. Note that, in general, M∗ is less than the GUT
scale, MGUT , but it is not completely unreasonable that one push M∗ up to MGUT—this
would eliminate the embedding of S˜U(5) into some larger symmetry, like SO (10). We take
a minimal matter content, as in Equation (1.13).
2.2. Gauge Coupling Renormalization
Calculating the one-loop corrections to the vacuum-to-vacuum polarizations is relatively
straightforward, and has been done for the (extremely popular) case of scalar QED in several
places [12, 52, 53, 54]. The difference between the standard QFT calculation and the RS1
calculation is the appearance of a tower of KK modes. For fields that are even about the
orbifold Z2 × Z ′2 symmetry, the KK masses are solutions to [55]
bα (mn) = bα
(
mne
pikrc
)
, (2.1)
where
bα (mn) = −
(−r + s
2
)
Jα
(
mn
k
)
+ mn
k
J ′α
(
mn
k
)(−r + s
2
)
Yα
(
mn
k
)
+ mn
k
Y ′α
(
mn
k
) , (2.2)
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(a) (b) (c) (d)
(e) (f)
FIG. 1: Possible graphs for calculating the massive contribution to the runnings of the couplings,
α−1i . We must include contributions to the vector boson self-energy from fermions (a), scalars (b),
S˜U(5) gauge bosons (c), and ghosts (d). We also get contributions from the fermion-fermion-boson
counterterm (e) and the fermion self-energy (f). Note that we must include the KK mode sum
in each of the loops. Note that fields which lie in complete representations of the GUT do not
contribute to the differential runnings of the couplings. (These graphs were generated using [56].)
and the constants are given by
α =

√
4 + a spin 0∣∣c± 1
2
∣∣ spin 1
2√
1 + d spin 1
, r =

b spin 0
∓c spin 1
2
0 spin 1
, s =

4 spin 0
1 spin 1
2
2 spin 1
. (2.3)
In this study, we are concerned with fields which have (+ +) boundary conditions on the
Z2 × Z ′2 orbifold symmetry—there are similar expressions for the odd case. The constants
a, b, c and d come from the wavefunction’s “boundary mass”, and parameterize the field’s
profile in the fifth dimension—for example, we have already seen how c is defined in Equation
(1.7). The constant a for a scalar field is given by a ≡ m2Φ
k2
, where mΦ is the five dimensional
scalar mass. The constant b = 2 + α, and d ≡ M2
k2
, where M is the gauge boson’s mass—
possibly zero. Finally, n = 1, 2, . . ..
Before we begin, it can be shown [57] that the leading contribution to the running of
the couplings is logarithmic, as we find in the standard 4-d case—the corrections should
contain terms ∼ log [ p
Λ
]
, as long as we consider the regime where p << Λ . k, with p some
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intermediate energy scale. The general form of the running coupling constants in an RS1
background is given by [12, 52, 53]:
1
g2i (p
2)
=
1
kg25
+∆UV +∆IR +
1
8π2
{
∆1−loop +
γi
24π3
Λπrc + bi log
[
Λ
p
]}
. (2.4)
The g5 is the bulk coupling constant, the ∆UV and ∆IR come from the couplings of the
Maxwell tensors localized on the branes, and the ∆1−loop are the one-loop contributions
from the graphs in Figure 1–they arise because of the presence of Kaluza-Klein modes in
the spectrum. The linear divergences are regularization scheme dependent, and cannot be
calculated within our effective field theory. They are of O(M∗
k
) and will be ignored in what
follows.e The last term is the familiar non-Abelian beta function contributions.
In general, ∆UV , ∆IR and g5 are incalculable—they depend on some completion of the
theory (possibly string theory). We will take the incalculable parts of Equation (2.4) to be
[53]
1
kg25
+∆UV +∆IR ∼= 1
g2
S˜U(5)
+O
(
1
8π2
)
. (2.5)
Now, let’s compute the contribution of a massive scalar and its KK modes. The relevant
graphs are shown in Figure 1 (b). The Feynman rules for a scalar transforming in an
arbitrary representation of a non-Abelian symmetry are just a straightforward modification
of the rules for scalar QED. We take our bulk scalar to have (+ +) boundary conditions. If
we compute the amplitude of the graphs in Figure 1 (b), we find that the one loop correction,
∆scalar1−loop (q
2), for a massive scalar and its KK excitations is given by:f
∆scalar1−loop
(
q2
)
=
g2C (r)
(4π)
D
2
Γ
(
2− D
2
)∫ 1
0
dx
∑
KK modes
(
µ2
Kn
)2−D
2
(1− 2x)2 , (2.6)
where
Kn = m
2
n + x (1− x)
(−q2) ≡ m2n + χ2. (2.7)
C(r) is the Dynkin index of the representation of the scalar field. Sums of this form have
e Equivalently, one could include these contributions in the redefinition (2.5), as in [53].
f As was mentioned above, if the only field in the theory is the zero mode (n = 0) scalar, then the sum
consists of just one term—reducing the integral then gives the standard result.
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been evaluated in [12, 54], and Equation (2.6) can be shown to be equal to
∑
n
K
D
2
−2
n =
1
2
+
(
D
2
− 2
)[
log [f (iχ)] + log
[
χπ
e
kpirc
2
k
]
+ logχ
]
+ O (D − 4)2 , (2.8)
where
χ =
√
x (1− x)2 (−q2). (2.9)
For a 5-d bulk scalar with (+ +) boundary conditions whose zero mode has mass mΦ, we
have
f (mn) =
1
πα
(
ekpirc
k2
)α−1(
m2Φ
m2n
+
2 + α
2α− 2
)
. (2.10)
Because we are interested in the effect on the low energy effective field theory (∼ TeV)
due to the (massive) KK modes, we have used the asymptotic form of the Bessel functions
(mn → 0), and the fact that ekpirc >> 1 [12]. If we consider k >> mΦ, we can use this
form of (2.10) in (2.8) to evaluate the integral in Eq. (2.6). The correction to the coupling
is given by:
∆scalar1−loop
(
q2
)
= −C (r)
6
{
(α− 1) kπrc + log µ
k
}
. (2.11)
From this analysis, we can construct the full form of the (energy dependent) SM cou-
plings. Luckily, this “rather tedious” analysis has already been done [53], and we will adapt
these results to fit our purposes. The arbitrary mass scale which was introduced in the
regularization µ (cf Eq. 2.6) becomes M∗—the scale of partial unification, and our cutoff.
Using Equation (2.5), we find:
α−1i (p) =
1
α
S˜U(5)
+O
(
1
2π
)
+
3
2
12π
{
−kπrc + log k
M∗
}
+
5
24π
{22kπrc + 21 logM∗πrc}
+
bi
2π
log
M∗
p
+O
(
1
2π
M2∗
k2
)
kπrc
+ (5− d threshold effects). (2.12)
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The second line gives the contributions to the couplings from the massive scalar in the
bulk—if we wish to modify the spectrum of the theory by adding additional higgses, we can
add terms similar to these. The third line gives the contributions from the X and Y gauge
bosons of S˜U(5), and the last line is of the familiar form. Note that the second and third
lines give a universal (to each of the beta functions, independent of p) correction to α−1
S˜U(5)
,
suggesting that we take
α−1eff = α
−1
S˜U(5)
+∆α−1. (2.13)
The correction (∆α−1) is ∼ 45 for the model presented here, and we will take α−1eff ∼ 61.g
We also notice the familiar SM runnings in the fourth line. Because the fermions form
complete representations in the GUT, they have no contributions to the runnings. The SM
gauge bosons, however, do contribute. They are given as...
U(1) : b1 = 0
SU(2) : b2 = −223
SU(3) : b3 = −11.
(2.14)
The O
(
1
2pi
M2
∗
k2
)
kπrc terms are 5-d mass splittings that are calculable, but are of sub-sub-
leading order. Thus, we do not calculate them here.
Finally, there are the 5-d threshold effects [8] that are assumed to give the corrections
needed for unification. In order to break S˜U(5), we need the bulk scalar fields to take on
vevs. This is done by choosing a suitable potential for the fields, with minima at the desired
mass scale. It is this 5-d potential that gives the threshold corrections needed for unification.
We see that the leading logarithm in each term of Equation (2.12) is exactly as expected,
from [57]. Also notice that the terms proportional to kπrc are effects due to KK modes. If
we were to eliminate these states from the spectrum, we would recover the standard form
of a coupling constant plus threshold corrections.h
Let us compare the runnings of the couplings in our model to those of the SM. In the
S˜U(5) models, SU(5) ⊃ SU(3)C×SU(2)L. We take the effective SU(5) coupling, α−1eff = 61.
g This value of α−1eff has been chosen because we want a value for the partial GUT coupling that is less than
the value of α−1
U(1) (M∗), so we get unification of SU(2)× SU(3) before they unify with U(1). See Figure
2 below.
h See, for example, [58].
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The runnings of SU(3) and SU(2) are given by
α−13 (E) = α
−1
eff +
b3
2π
log
M∗
E
+
δb3
2π
log
M∗
E
, (2.15a)
α−12 (E) = α
−1
eff +
b2
2π
log
M∗
E
+
δb2
2π
log
M∗
E
. (2.15b)
We can calculate the δbi’s needed for unification using α3 (MZ) ∼= 0.1187±0.0020, α2 (MZ) ∼=
0.033961± 0.000006, and α1 ∼= 0.017022± 0.000002 [59]. From this we find that
SU(3) : δb3 ∼= 0.761, (2.16a)
SU(2) : δb2 ∼= 0.185. (2.16b)
These expressions are plotted in Figure 2, using k ∼ 1018 GeV and M∗ ∼ 3× 1015 GeV. We
have added threshold effects on the order of about 10% to the U(1)Y in the SM, because we
expect that the corrections to the coupling are of the same size as those of the other graphs.
2.3. Constraining Randall-Sundrum GUTs
We will now briefly comment on an interesting constraint revealed in our investigations
of this model. It is hoped that the constraints shown here will be of use to anyone wishing to
construct RS1 GUTs. Further, while it was not explicitly investigated, we believe that these
constraints apply also to more general 5-d orbifold GUTs, as well as any construction that
gives universal corrections to the beta functions of the model. In general, the contributions
to the beta functions coming from the KK modes of the bulk scalars and the GUT gauge
bosons are:
∆1−loop
2π
≡ C(r)
12π
{
−kπrc + log k
M∗
}
+
C(N)
24π
{22kπrc + 21 logM∗πrc} . (2.17)
C(r) is the Dynkin index of the scalar field, and C(N) is the quadratic Casimir operator of
the algebra. In what follows, we will look exclusively at SU(5), where C(N) = 5.
In some sense, the threshold effects due to the presence of a bulk scalar “compete” with
the corrections due to the SU(5) gauge bosons—they give contributions of opposite sign.
The scalar loops are weighted by their Dynkin index, a group theory factor that depends
on the representation in which the scalars transform. One can compute these, or just look
them up [60], and find that larger representations (generally) have larger Dynkin indices.
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(a)
(b)
FIG. 2: SM beta functions in our model, with corrections from KK modes, GUT scalars, and
GUT-mass bosons. Note that the unification at M∗ ∼ 3× 1015 GeV is not exact—only SU(3) and
SU(2) unify here, as expected.
The bulk field content of the model will govern the types of values that one can obtain for
M∗ and α
−1
S˜U(5)
, via universal contributions to the beta functions from the bulk matter, as in
Equation (2.13). Likewise, any constraints on α−1
S˜U(5)
will tell us the maximum contributions
from KK threshold effects, as per [53]. Any effects from some higher unification scale, at
MGUT , would still enter the beta function as a correction to the effective α
−1
eff , and be of the
same form as Equation (2.12). This will also put constraints on the size and number of bulk
fields introduced in the GUT model. In Table I we have looked at the scalar content of some
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Model Bulk Scalars
∑
r C(r) MGUT (GeV) k (GeV) ∆/2pi
RS1 S˜U(5) 10 1.5 3× 1015 1018 44.796
Georgi [6] 24 5 3× 1015 1018 38.956
Dorsner [61, 62, 63] 15,24 8.5 3× 1015 1018 33.143
HHM I [64] 24, 45 17 3× 1015 1018 19.026
HHM II [64] 45, 75 37 3× 1015 1018 -14.191
TABLE I: We look at the scalar content of various non-supersymmetric SU(5) constructions, to get
some idea of the representations that are important for model-building. As we include larger and
larger bulk scalar reps, the universal contributions to the beta functions approach zero. Calculated
here are the contributions from scalars in the adjoint (24) and other various reps.
4-d SU(5) theories. We note that these models were not built within the RS1 framework,
but we have looked at these examples to get an idea for the important scalar reps used in
model building.
In the model presented in this paper, the corrections due to scalars and vectors are ∼ 45.
Requiring that our threshold effects be on the order of 10% means that 55 . α−1
S˜U(5)
. 62,
which in turn forces 10 . α−1
S˜U(5)
. 17. A more interesting case is when the corrections due
to the KK modes are negative, as in the HHM II model [64]. This occurs as we include larger
(or more) scalar reps in our models. Then, the value of α−1
SU(5) must be at least as large as
the corrections coming from the bulk scalar and vector representations in order to ensure the
positivity of α−1eff , as per Equation (2.13). If we were to build an SU(5) RS1 GUT, placing
the matter content of HHM II [64] in the bulk, we could plot Equation (2.13), showing where
α−1
SU(5) becomes negative—see Figure 3. This gives the possibility of excluding this model,
based on estimates of the size of α−15 , or equivalently g5 from Equation (2.5).
2.4. Proton Lifetime
Without some exponential tuning of Yukawa couplings, proton decay will be a problem
as per Equation (1.12). When solving the hierarchy in the higgs sector of the model by
introducing the warp factor, we must ask ourselves if we are willing to introduce another
fine-tuning in the form of an exponentially small Yukawa coupling. Ideally we would like to
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FIG. 3: A plot of Equation (2.13) for the model HHM II [64]. If we choose α−1eff less than 15, we
get a negative value for α−1
SU(5), which is unphysical.
explain all things in terms of O(1) parameters, and if we insist on using bulk scalar fields
to break S˜U(5) , we may have to take a more creative approach, invoking some (possibly
discrete) symmetry to protect baryons in the low energy effective field theory by forbidding
terms like Equation (1.12). If proton decays are observed in a next generation experiment,
we will almost certainly have to accept some fine tuning.
Further, in the RS1 scenario, one must be careful to check all of the possible decay modes
of the proton—there will be new decays through KK mode exchange. In general, the KK
modes will have masses on the order of a few TeV. The SM fermions may interact with
these KK modes to violate bounds on proton decay, and may even produce flavor changing
neutral currents at an unacceptable rate [10]. The problem is not limited to RS1 GUTs,
but also to the RS1 formulation of the SM [55]. The only way to eliminate these problems
is to break the GUT symmetry with boundary conditions [8, 9], or invoke some discrete or
global symmetry which protects baryon and lepton number.
In the standard S˜U(5) models, the predominant baryon decay operator is given by [65]:
L ∼
g2
S˜U(5)
M2∗
{−d¯γµdu¯γµν + d¯γµuu¯γµℓ−} , (2.18)
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where ℓ− is a linear combination of the three (left-handed) leptons. The typical calculation,
using ℓ ∼ e, puts the S˜U(5) prediction for the proton lifetime
τp→e+pi0 ∼ 1033−37 y, (2.19)
which safely evades the current lower bounds. Let us quickly estimate the proton lifetime
using our choice of constants, that is, α−1eff ∼ 61 and M∗ ∼ 3 × 1015 GeV. Ellis, Lopez and
Nanopoulos [66] have estimated the lifetime of the proton in S˜U(5) via the decay channel
p→ e+π0:
τp→e+pi0 ∼= 1.5× 1033
(
M∗
1015 GeV
)4(
0.042
α
S˜U(5)
)2
y. (2.20)
For our choice of values for M∗ and α
−1
eff , we find
τp→e+pi0 ∼ 8.0× 1035 y. (2.21)
Now, Equation (2.18) and Equation (1.12) give the same term in the effective lagrangian.
We may write:
L∆B 6=0 ∼
(
2k
M35
λ
NiNjNkNl
eδkpirc
δ
)
ψ¯5¯ψ5ψ¯10ψ10, (2.22)
where δ > 1 in general, and λ is some (dimensionless) coupling in the fundamental theory.
Comparing with Equation (2.18), with the replacement MP l →M∗, we havei
g2
S˜U(5)
∼ λ
NiNjNkNl
eδkpirc
δ
. (2.23)
Because the value of δ must be calculated from the UV completion of the theory, we cannot
determine an accurate value for the proton lifetime. We know, however, that δ is O(1
2
),
and using the relation between 4-d and 5-d mass scales, M5 is found to be within two or
three orders of magnitude ofM∗. In combination with the parameters from Section 2.2, this
requires that
λ ∼ 10−44, (2.24)
in order to match the predictions of the S˜U(5) GUTs. This is why we were so cavalier with
two or three orders of magnitude and a few numbers of order 1! We have created a fine
i We will leave out factors of O(1), for comparison’s sake.
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tuning problem thirty orders of magnitude worse than the QCD CP problem. If there exists
a (D=6) baryon decay term like Equation (1.12) in the GUT, then the Yukawa coupling
must be tremendously small to keep the proton sufficiently long lived. Thus, we most likely
must invoke discrete symmetries to remove such finely tuned terms, or rely on some other
mechanism to eliminate proton decay. Specifically, it has been pointed out [75] that non-
diagonal Yukawa couplings can lead to a stable proton—in effect, proton decay is “rotated”
away.j
3. CONCLUSIONS AND OUTLOOK
We have presented a S˜U(5) model within the framework of the RS1 proposal, which
retains much of the successes of the standard S˜U(5) phenomenology. The higgs content is
minimal, utilizing only the 10 rep to break the GUT symmetry. The fermions lie in the
normal three generations of S˜U(5) reps, with no extra copies.
One future direction is the possible embedding of our model into some larger symmetry,
like SO(10) or E6. Indeed, the seminal S˜U(5) work [13, 14] was done as an alternative
breaking pattern for SO(10). There are also proposals for S˜O(10) [39, 67, 68, 69, 70, 71]
and E˜6 [72, 73, 74] (flipped SO(10) and flipped E6, respectively) .
Finally, the proliferation of representations of non-flipped RS1 GUT models, discussed in
Section 1.3, may be alleviated through models in which E6 → SO(10)×U(1)X, with U(1)X
plays the role of a “family” symmetry. This U(1) may be reinterpretted so as to provide the
copies of the representations needed in, for example, [10]. In E6, the 27 contains three copies
of the 16 in SO(10). Finally, a supersymmeterized version of this model may be attempted.
If so, some symmetry protecting B−L should be found or imposed. (Alternately, this model
could be reformulated using boundary conditions to break the GUT symmetry.)
j We would like to thank I. Dorsner for pointig this out.
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